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Introduction: 

The  purpose  of  this  research  is  to  investigate  the  sequence  of  events 
leading  from  activation  of  specific  dopamine  receptors  to  modulation  of 
apoptosis.  Neurotoxin-induced  apoptosis  represents  a  signaling 
cascade  leading  from  initial  insult  to  the  irrevocable  commitment  to 
execute  the  cell-death  program.  Data  from  our  group  and  others  have 
shown  that  DA  receptor  activation  can  decrease  the  probability  of  a 
cell  entering  apoptosis.  The  investigation  of  the  underlying 
mechanisms  for  this  effect  may  lead  to  improvements  in  the  ability  to 
modulate  this  process  and  protect  neurons  against  neurotoxin- 
mediated  cell  death.  In  neurotoxin-mediated  cell  death,  apoptosis 
represents  a  stochastic  two-state  outcome  resulting  from  an  initial 
stimulus.  In  other  words,  whatever  the  level  of  neurotoxin  exposure, 
the  result  is  limited  to  two  states— an  individual  cell  either  survives  or 
executes  the  cell  death  program.  This  binary  decision  making  occurs 
as  a  result  of  the  activity  in  a  network  of  signaling  mediators.  Thus  in 
order  to  begin  to  understand  neurotoxin-induced  apoptosis  and  its 
modulation  by  dopamine  agonists  in  a  deterministic  fashion,  we  need 
to  develop  ways  to  monitor  the  overall  perturbation  of  the  cell's 
signaling  network.  A  major  focus  of  this  grant  is  to  develop  the 
capability  of  monitoring  the  overall  physiological  state  of  the  cell  by 
following  changes  in  gene  transcription.  This  approach  will  represent  a 
fundamental  advance  in  the  field  and  has  been  the  primary  focus  for 
the  first  year  of  work  on  the  project. 

Body: 

Following  in  italics  is  the  statement  of  work  from  June  1999.  Work 
during  the  first  year  focused  on  objective  IB  and  objective  2A.  We 
undertook  monitoring  of  gene  changes  in  primary  neuronal  cultures  in 
response  to  dopamine  agonists  and  in  PC12  cells  in  response  to  trophic 
factors.  We  developed  microarray  technology  and  explored  its 
limitations  and  developed  quantitative  PCR  assays  to  allow  precise 
monitoring  of  gene  changes  in  response  to  graded  stimuli.  One  review 
article  and  one  abstract  based  in  part  on  the  work  performed  under 
support  from  this  grant  have  been  published  (see  appendix).  Details 
of  our  progress  are  presented  below. 

Objective  1:  Determine  the  locus  at  which  dopamine  receptor 
activation  interferes  with  the  concatenated  events  mediating 
neurotoxin  -initiated  apoptosis 

A.  The  neuroprotective  effects  of  DA  agonists  on  DA  neuron 

survival  in  primary  culture  will  be  determined. 
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B.  The  effects  of  DA  agonists  on  gene  program  changes  in  primary 
culture  will  be  determined 

C.  The  neuroprotective  effects  of  dopamine  agonists  in  PCI 2  cells 
will  be  characterized  pharmacologically. 

D.  The  effects  of  DA  agonists  on  mitochondrial  function  in  PCI 2 
cells  in  the  presence  and  absence  of  apoptosis-initiators  will  be 
determined. 

E.  The  effects  of  DA  agonists  on  other  changes  leading  to  apoptosis 
will  be  determined,  including:  Glyceraldehyde-3-phosphate 
dehydrogenase  translocation  and  NF-kB  activation 

Objective  2:  Determine  the  sequence  of  events  leading  from 
activation  of  a  specific  dopamine  receptor  to  modulation  of  apoptosis. 

A.  The  specific  DA  receptor  mediating  neuroprotection  will  be 
investigated  by  antisense  experiments  in  PC12  cell  and  primary 
culture. 

B.  The  second  messenger  systems  involved  in  DA  agonist  mediated 
neuroprotection  in  PCI 2  cells  will  be  investigated.  These  include: 

i.  heterotrimeric  G-proteins 

ii.  low  molecular  weight  G-proteins 
Hi.  calcium 

iv.  cAMP 

v.  tyrosine  kinase  activation 

vi.  serine/threonine  kinase  activation 

vii.  alterations  of  actin  cytoskeletin 

viii.  alterations  in  gene  expression  pattern 

I.  Investigation  of  overall  gene  changes  in  primary  cultures  in 
response  to  dopamine  agonist. 

Objective:  Determine  the  pattern  of  gene  changes  in  response  to 
dopamine  agonist  in  primary  neuronal  cultures  using  gene 
microarrays. 

Experimental  design:  These  experiments  utilized  the  filter-based 
microarray  provided  commercially  by  Research  Genetics.  This  array 
has  >5000  cDNAs  for  which  the  relative  level  of  expression  can  be 
determined  by  comparative  hybridization.  A  series  of  experiments 
were  performed  to  examine  the  different  filters  available  and  to 
evaluate  changes  of  genes  over  time  and  at  different  concentrations  of 
the  dopamine  agonist  pramipexole. 
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Experimental  Results: 

1.  human  gene  filter,  time  course  of  response. 


In  this  study,  5000  genes  were  assayed  using  RNA  samples  from 
vehicle  and  lpM  pramipexole  (a  Da  agonist),  with  exposure  for  1,  3,  6, 
9  and  24  h.  The  hybridizations  were  very  clean.  The  dataset 
generated  was  very  large  (>50,000  points).  However  regression 
analysis  of  the  expression  level  of  the  genes  in  control  and  treated 
samples  suggested  that  there  was  an  unfavorable  signal  to  noise  in  the 
assay. 

Conclusion:  Signalmoise  was  unfavorable  using  the  human  gene 
filters  for  rat  samples.  We  then  undertook  a  second  experiment  using 
the  rat  cDNA  filter,  which  had  just  then  become  available. 

2.  rat  gene  filter,  time  course  and  concentration-dependence  of 
response. 

Samples  were  obtained  at  0,  1  and  6  h  from  vehicle  and  cultures 
treated  with  5  concentrations  of  pramipexole  (1  nM  to  10  pM). 
Triplicate  samples  were  included  for  analysis  to  allow  evaluation  of 
internal  consistency.  The  samples  were  assayed  using  the  Research 
Genetics  rat  filter  microarrays.  The  labeling  and  hybridizations  were 
superb,  with  the  raw  data  looking  very  clean.  Again  a  large  dataset  of 
measurements  were  obtained.  However  regression  analysis  showed 
considerable  measurement  scatter  and  meaurements  of  independent 
samples  in  the  same  experimental  groups  were  variable. 

Conclusion:  Despite  meticulous  and  rigorous  experimental  technique, 
assay  scatter  remained  significant.  There  were  two  possibilities  for 
these  results  a)  the  commercial  microarray  assay  system  being  used 
was  inherently  unreliable  or  b)  the  heterogenous  nature  of  the  primary 
culture  system  and/or  the  relatively  subtle  nature  of  the  stimulus 
(dopamine  receptor  stimulation)  did  not  lead  to  a  discernable  signal 
over  background  variation.  We  decided  to  investigate  these  two 
possibilities  by  establishing  a  rapid,  reliable  and  independent  assay  of 
gene  expression  levels  and  by  testing  an  experimental  paradigm  with 
known  robust  gene  changes,  NGF  exposure  to  PC12  cells. 

3.  Establishment  of  real-time  PCR. 

Real-time  PCR  was  not  available  at  Mount  Sinai.  This  technique  allows 
the  rapid  and  highly  quantitative  measurement  of  specific  genes.  We 
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established  a  collaboration  with  Dr.  Sanjay  Tyagi  at  NYU  to  establish  a 
real  time  PCR  assay.  We  selected  as  our  experimental  protocol  NGF 
treatment  of  PC12  cells,  as  this  was  reported  to  cause  significant  up- 
regulation  of  a  variety  of  genes.  PC12  cells  were  treated  with  NGF  or 
vehicle  and  RNA  extracted  at  various  time  points  from  30  minutes  to  6 
h.  Real  time  PCR  was  established  using  SYBR  green  incorporation  for 
Actin,  Arc  and  EGR1. 

An  example  of  the  results  is  shown  below: 


Fold  change  (relative  to  vehicle) 


Gene 

30  minutes  NGF 

90  minutes  NGF 

Actin 

1.5 

0.6 

_E igr _ 

254 

613 

Arc 

2.7 

39 

Conclusions:  Real  time  PCR  will  allow  rapid  and  precise  quantitation  of 
specific  gene  products.  The  NGF  treated  PC12  samples  show  expected 
changes  in  Egr  and  Arc  gene  expression  and  are  suitable  samples  for 
testing  the  microarray  system. 

4.  Validation  of  microarray  system  using  NGF  treated  PC12  cells. 

The  samples  generated  in  experiment  #3  were  assayed  using  the 
Research  Genetics  rat  microarray  filters.  10  genes  that  showed 
regulation  on  the  filter  were  selected  for  analysis  by  real  time  PCR. 

The  microarray  results  for  the  Egr  gene,  which  is  present  on  the  filter, 
were  also  determined.  The  Egr  gene,  which  had  been  demonstrated  in 
the  experiment  above  to  be  highly  regulated,  was  seen  to  have  only  a 
small  and  not-significant  1.3  fold  increase  in  the  microarray  assay. 

Ten  genes  which  were  carefully  selected  as  being  regulated  on  the 
microarrays  were  tested  by  real-time  PCR  were  not  in  fact  found  to 
show  any  regulation. 

Conclusion:  The  Research  Genetics  microarray  system  does  not 
generate  an  acceptable  signal: noise  ratio  in  experiments  designed  to 
determine  global  gene  expression,  even  in  a  well-characterized 
paradigm  in  which  highly  significant  gene  regulation  is  known  to  occur. 

In  order  to  complete  the  objectives  of  the  proposal,  it  is  necessary  to 
develop  another  approach  to  studying  global  gene  expression.  Based 
on  the  published  experience  of  the  Brown  laboratory  at  Stanford  and 
other  institutions,  developing  the  capacity  to  assay  custom  printed 
glass  microarrays  appears  to  be  the  most  accurate  and  cost-effective 


DAMD17-99-1-9558  Sealfon  p.  8 


approach.  In  order  to  have  the  instrumentation  necessary  for  these 
studies,  I  assembled  a  consortium  of  departments  at  Mount  Sinai  and 
we  have  purchased  a  robotic  microarray  printer  and  reader  (the 
Affymetrix/GMS  system)  and  a  PE7700  real-time  PCR  instrument,  all  of 
which  is  presently  housed  in  my  laboratory.  I  have  also  recruited  a 
fellow  from  the  EMBL  microarray  facility  in  Heidelberg  who  has  worked 
extensively  with  microarray  printing  and  analysis,  who  will  arrive  this 
fall.  I  have  also  developed  a  school-wide  microarray  facility,  to 
provide  a  focal  point  to  share  the  necessary  expertise  and  experience 
to  develop  this  laboratory  approach.  We  plan  to  continue  to  work  on 
genome-wide  profiling  using  both  microarray  and  informatics 
approaches  to  identify  candidates  and  to  assay  the  gene  changes  using 
real  time  PCR.  We  believe  we  are  well  poised  to  make  significant  and 
important  progress  on  this  research  objective  over  the  next  two  years. 

Objective:  Determine  the  DA  receptor  expression  pattern  in  PC12 
cells. 

5.  Analysis  of  DA  receptors  in  PC12  cells. 

We  performed  radioligand  binding  studies  on  PC12  cell  membranes 
and  D2  receptor  transfected  control  membranes.  The  binding  assay 
worked  well,  but  the  level  of  receptor  expression  was  below  the  limits 
of  detection  of  the  binding  assay.  We  are  presently  developing  real¬ 
time  PCR  assays  to  quantify  the  level  of  D2,D3  and  D4  receptor  in 
PC12  cells  before  and  after  differentiation. 

Key  Research  Accomplishments: 

1.  Validation  of  commercial  Research  Genetics  microarray  system  and 
determination  that  the  system  is  inadequate  to  meet  the  research 
objectives. 

2.  Establishment  of  quantitative  real-time  PCR  technology. 

3.  Determination  that  D2  receptor  binding  sites  are  below  detection 
limit  in  PC12  cells. 

4.  Establishment  of  in  laboratory  capability  for  real  time  PCR  and  glass 
custom  microarray  printing  and  reading. 

Reportable  Outcomes: 


Publications: 


DAMD 17-99-1-9558  Sealfon  p.  9 


Soussis  IA,  Mytilineou  C,  Olanow  CW,  Sealfon  SC.  Pattern  of  gene 
induction  by  dopamine  agonists  in  rat  midbrain  cultures  studied  by 
microarray  analysis.  Soc.  Neurosci.  Abstr.  25:331,  1999. 

Sealfon  SC  and  Olanow  CW.  Dopamine  receptors:  from  structure  to 
behavior.  Trends  Neurosci.  23:S34-40,  2000. 

Conclusions: 

1.  Signal:noise  was  unfavorable  using  the  Research  Genetics  human 
gene  microarray  filters  for  rat  samples  in  dopamine  agonist  treatment 
experiments. 

2.  Signal: noise  was  unfavorable  using  the  Research  Genetics  rat  gene 
microarray  filters  for  rat  samples  in  dopamine  agonist  treatment 
experiments. 

3.  Signal: noise  was  unfavorable  using  the  Research  Genetics  rat  gene 
microarray  filters  for  PC12  cells  studied  with  NGF  induced 
differentiation. 

4.  The  filter  microarray  system  does  not  have  the  measurement 
accuracy  required  for  the  proposed  studies. 

5.  Real  time  PCR  will  allow  rapid  and  precise  quantitation  of  specific 
gene  products. 

6.  Based  on  published  literature  (eg.  [1,  2],  fluorescent-based  custom 
printed  microarrays  are  a  better  approach  to  meet  the  objectives  of 
this  proposal. 
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Stuart  C.  Sealfon 
and  C.  Warren 
Olanow  are  at  the 
Dept  of  Neurology, 
Mount  Sinai 
School  of 
Medicine, 
New  York, 
NY  10029,  USA. 
Stuart  C.  Sealfoti  is 
also  at  the 
Fishberg  Center  for 
Neurobiology, 
Mount  Sinai 
School  of 
Medicine, 
New  York, 
NY  10029,  USA. 


The  responses  obtained  with  drugs  that  act  at  dopamine  receptors  depend  on  the  spectrum  of 
receptors  stimulated,  the  pattern  of  stimulation  and  the  neuronal  signal-transduction  pathways 
that  are  activated.  In  the  absence  of  drugs  that  reliably  discriminate  between  the  various  j 
receptors,  elucidating  the  role  of  these  receptors  has  largely  relied  on  molecular  genetic  ap^ 
that  include  expression  of  genes  for  receptors  in  cell  lines  and  manipulation  of  this  expr 
animal  models.  Connecting  molecular  events  that  occur  consequent  to  receptor  stimulate 
the  resulting  physiological  effects  entails  bridging  a  complex  network  of  interactions.Thil 
reviews  the  current  understanding  of  the  molecular,  cellular  and  syster^MSfiteMlMences 
activation  of  the  different  dopamine  receptors. 

Trends  Neurosci.  (2000)  23,  S34-S40 


THE  EVIDENCE  that  lack  of  dopamine  (DA)-receptor 
stimulation  contributes  to  Parkinson  disease  (PD) 
symptoms,  and  that  receptor  activation  has  a  beneficial 
effect  on  these  symptoms  appears  incontrovertible. 
The  principal  effects  of  L-dopa  occur  after  its  coflforsion 


to  DA  via  stimulation  of  various  DA  ret; 
acting  DA-receptor  aa^^sthat  do 
bolic  conversion, at 
have  simil^^^^^wS^^™|g[ovidL  . 

Ho  wevej^f^^^^^'TtfrTO^^^profile , 
cliniqji  benefited  L-dopa  andPA%ecepto: 
not  idoilScyi^or  example, pSldu  benefits^^^S|er 
with  L-dqpa^wfiile  DA-je^^^igonists  are 
to  induc^mtS^cpig^S^la  »uch  as  dyskin^pSria 
motor  fiuc^|id^^^^P^to  understand  better  how 
L-dopa  and  ti^M^to|jtDA-receptor  agonists  modulate 
behavioral  resfS^^^fferentially,  the  results  of  their 
actions  on  specta^p^ Receptors  must  be  understood. 

Considerable  pK3^  been  made  in  elucidating 
the  anatomy,  neurbchdrilstry,  physiology,  pharmacol¬ 
ogy  and  molecular  biology  of  the  dopaminergic  system 
and  its  receptors1-3.  DA  receptors  are  members  of  a  large 
family  of  structurally  related  receptors,  the  rhodopsin- 
like  G-protein-coupled-receptor  (GPCR)  superfamily. 
With  the  recognition  that  there  are  multiple  DA  recep¬ 
tors,  it  has  become  evident  that  the  response  to  a  DA- 
receptor  agonist  is  likely  to  depend  on  its  relative  activ¬ 
ity  at  these  molecularly  identified  receptors.  However, 
determining  the  relationship  between  receptor  activation 
and  physiological  response  is  difficult.  The  responses  that 
ultimately  occur  after  receptor  activation  result  from 
modulation  of  a  complex  network  of  signaling  molecules 
and  neuronal  circuits.  Resolving  these  issues  is  compli¬ 
cated  by  a  lack  of  drugs  that  are  selective  for  the  cloned 
receptor  subtypes,  and  by  the  existence  of  both  imme¬ 
diate  and  long-lasting  effects  in  response  to  receptor 
stimulation.  For  example,  treatment  with  L-dopa  is  associ¬ 
ated  with  immediate  motor  benefits  and  with  iate- 
onset  motor  complications  that  presumably  reflect 
drug-induced  plastic  changes  in  the  response  network. 

The  ultimate  response  to  an  agonist  is  determined  by 
the  specific  receptors  that  are  selected  and  by  the  degree 


thways  afflBSSfvated. 
"  kelyro^pomplex: 
re  thlMC^^^ra^^recepto rs 
l  one  sl^^^nsauction  path- 
ists  acting  at  the  same  receptor 
these  signaling  pathways.  Thus, 
t  are  determined  not  merely  by 
^eceptors  activated  and  the  degree 
^HPSlso  by  the  specific  pattern  of  signal 
rtnat  is  elicited. 

Dopamine-receptor  subtypes 

D1  and  D2  receptors  were  initially  characterized  based 
on  differences  in  ligand  selectivity,  and  positive  (Dl)  or 
negative  (D2)  coupling  to  adenylate  cyclase4.  Molecular 
cloning  revealed  the  existence  of  five  (D1-D5)  DA- 
receptor  subtypes.  The  cloned  Dl  and  D5  receptors  are 
pharmacologically  Dl-like,  and  the  genes  for  the  D2-D4 
receptors  encode  a  D2-like  family  of  receptors2.  The  rat 
D2  receptor  was  the  first  dopamine  receptor  to  be  cloned, 
being  isolated  by  its  homology  to  the  02-adrenergic 
receptor5.  Like  all  DA  receptors  cloned  to  date,  it  has 
seven  hydrophobic  domains  that  constitute  predomi¬ 
nantly  a-helical  membrane-spanning  segments.  The 
distribution  of  D2  receptor  mRNA  has  been  studied  by 
in  situ  hybridization.  Highest  levels  are  observed  in  the 
striatum,  nucleus  accumbens  and  olfactory  tubercle,  as 
well  as  in  dopaminergic  neurons  in  the  midbrain,  where 
they  presumably  generate  autoreceptors.  The  gene  for 
the  D2  receptor  also  gives  rise  to  two  receptor  isoforms, 
through  alternative  exon  splicing,  that  differ  in  the 
presence  (D2L)  or  absence  (D^  of  a  29  amino-acid  seg¬ 
ment  in  the  third  cytoplasmic  loop2.  These  isoforms 
show  differences  in  G-protein  coupling,  regional  distri¬ 
bution  and  sequestration  rate6^.  In  contrast  to  cloned 
D2-like  receptors,  cloned  Dl  receptors  have  a  short 
third  cytoplasmic  loop.  Highest  levels  of  Dl  receptor 
mRNA  are  found  in  the  striatum,  nucleus  accumbens 
and  olfactory  tubercle. 

The  D3  receptor  has  about  75%  homology  to  the  D2 
receptor  in  the  transmembrane  domains,  but  differs  in 
its  pharmacological  profile,  signal-transduction  coupling 
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and  distribution9.  D 3-receptor  mRNA  levels  are  lower 
In  the  striatum  and  higher  in  nucleus  accumbens  than 
D2-receptor  mRNA.  Alternative  transcripts  of  the  D3 
receptor  have  been  Identified,  but  only  mouse  alternative 
transcripts  encode  functional  receptor  isoforms. 

The  sequence  of  the  D4  receptor  has  approximately 
50%  homology  to  D2  receptors  in  transmembrane 
domains10.  Levels  of  mRNA  are  highest  in  frontal  cortex, 
amygdala,  olfactory  bulb  and  hypothalamus.  The  human 
D4  receptor  Is  highly  polymorphic,  with  a  16  amino- 
acid-repeat  segment  (two  to  ten  times)  in  the  third 
cytoplasmic  loop  domain.  A  specific  repeat  number  has 
been  correlated  with  novelty-seeking  personality  traits", 
and  increased  delusions  in  psychotic  individuals  are 
associated  with  a  high  number  of  repeat  segments12. 
In  rodents,  D5  receptor  mRNA  is  primarily  located  in 
the  olfactory  tubercle,  hippocampus  and  mammillary 
nucleus,  and  not  in  the  striatum. 

D1  and  D2  receptors  in  the  striatum  are  primarily 
found  on  medium  spiny  neurons  where  they  serve  to 
modulate  glutamate-mediated  activity13.  Dl-receptor- 
bearing  neurons  contain  substance  P  and  dynorphin, 
and  give  rise  to  neurons  comprising  the  direct  striato- 
pallidal  pathway.  D2- receptor-bearing  neurons  contain 
enkephalin  and  give  rise  to  neurons  that  influence  the 
pallidum  by  way  of  the  Indirect  pathway.  Recent 
observations  suggest  that  this  model  might  be  overly 
simplistic.  There  is  evidence  for  extensive  collateraliz¬ 
ation  of  striatofugal  axons",  the  presence  of  D2  receptors 
on  striatal  interneurons  that  is  increased  after  a  lesion 
of  dopaminergic  neurons15,  and  co-localization  of  D1 
and  D2  receptors  on  striatal  medium 
Furthermore,  there  is  evidence  of 
provide  anatomical  connectjo^^l 
striatal  neurons,  and  thes^^<|pp^a^Tr^ 
conditions  of  dopamid^^^ervation 
with  DA-like  agents17*^^|^observatior 
accounted  for  in  the  present  iwAl. 

_ 

Molecular  mechanisms 

The  rhodopsin-like  GPCRs,^^^^^^^e  DA  recep¬ 
tors,  comprise  several  hu nd red  j^^^gous  proteins 
that  transduce  an  extracellular  si^^ra^hitracellular 
G-protein  activation.  Members  ta-helical 

protein  family  are  identified  by  the  ^^iaCe  of  a  series 
of  conserved  amino-acid  motifs  within  their  trans¬ 
membrane  segments19.  Activation  of  GPCRs  leads  to 
altered  receptor  conformation.  The  activated  receptor 
induces  GDP-CJTP  exchange  in  the  a  subunit  of  a  hetero- 
trimeric  G  protein,  which  causes  dissociation  of  the  a 
and  G-protein  subunits  and  subsequent  modulation 
of  various  intracellular  effector  proteins.  The  simplest 
model  for  receptor  activity  presupposes  that  GPCRs  exist 
in  either  an  active  or  inactive  conformational  state. 
Agonists  exert  their  effects  by  preferentially  binding  to 
and  stabilizing  the  active  conformation.  However,  there 
is  no  a  priori  reason  why  there  should  be  only  a  single 
active  receptor  conformation.  Proteins  are  capable  of 
assuming  a  number  of  different  conformations  that  are 
distributed  according  to  an  'energy  landscape'20.  It  is 
probable  that  there  are  several  different  active  receptor 
conformational  states,  with  some  being  more  stable 
than  others.  Agonists  stabilize  active  conformations,  and 
different  agonists  might  stabilize  different  populations 
of  active  conformations.  Many  receptors  are  known  to 
activate  multiple  G  proteins,  and  different  G  proteins 
might  recognize  and  interact  with  different  active 


conformations  of  the  receptor.  As  DA-receptor  agonists 
stabilize  different  active  conformations,  they  might  direct 
the  receptor  stimulus  to  different  G  proteins.  This  has 
been  termed  'stimulus  trafficking'20 .  Alterations  in  the 
norma!  pattern  of  tonic  and  phasic  DA-receptor  acti¬ 
vation21,  as  might  occur  with  dopamine  depletion  and 
with  stimulation  of  the  denervated  receptor  by  therapy 
with  exogenous  DA-like  agents,  might  also  alter  lead 
to  altered  signaling  and  behavioral  patterns. 

Evidence  for  stimulus  trafficking  arises  from  the 
reversal  of  the  relative  efficacies  of  agonists  in  stimu¬ 
lating  different  signaling  pathways  via  the  same  recep¬ 
tor.  Reversal  of  potency  or  efficacy  has  been  identified 
with  several  GPCRs.  For  example,  PACAP-27  is  more 
potent  than  PACAP-38  in  stimulating  cAMP  production 
via  the  PACAP  receptor,  but  less  potent  in  stimulating 
inositol  phosphate  accumulation22.  The  efficacies  of  the 
5-HT1A-receptor  agonists  rauwolscine  and  ipsaplrone 
are  reversed  for  activation  of  Go12  compared  with  G«13 
(Ref.  23).  Differential  stimulation  of  the  inosito^ 
phate  and  arachidonlc-add  second-messe 
has  also  been  demonstrated  for  a  series  of  { 
at  the  human  5-HT^  and  5-HT^  receptor^ 
signal  trafficking  has  not  yet  been  descf 
receptor  agonists,  the  presence  of  this  ph^ 
structurally  related 
likely  to  have  sin 
effects  obtained  j 
the  conforma 
agonisgjfepmple 
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asmic  ends  of  the  two  helices  and  a  coun¬ 
terclockwise  rotation  of  helix  6.  In  support  of  the  idea 
that  movements  of  these  helices  contribute  to  receptor 
activation,  rhodopsin  activation  is  blocked  when  the 
movement  of  helices  3  and  6  is  restricted  by  either 
disulfide  crosslinking25  or  engineered  Zn2+  binding 
sites26.  Similarly,  a  constitutively  active  fi2-adrenergic 
receptor  has  been  shown  to  manifest  increased  acces¬ 
sibility  of  a  helix-6  cysteine  for  chemical  modification. 
This  finding  is  consistent  with  counterclockwise  rotation 
of  this  helix  during  activation.  Site-specific  environ¬ 
ment-sensitive  fluorescent  labeling  studies  also  suggest 
that  agonists  induce  conformational  changes  of  helix 
3  and  helix  6,  consistent  with  a  model  of  GPCR  acti¬ 
vation  in  which  helix  6  rotates  and  displaces  from 
helix  3  (Fig.  I)25. 

Although  high-resolution  data  are  not  yet  available  on 
any  GPCR,  the  integration  of  various  experimental  and 
computational  approaches  provides  considerable  insight 
into  the  function  of  these  receptors.  Cryo-electron 
microscopy  studies  of  rhodopsin  have  identified  the 
orientation  of  the  transmembrane  helix  domain  bundle 
of  these  receptors27.  Various  approaches  have  been  used 
to  map  the  binding  site  of  DA  receptors,  including 
substituted  cysteine-scanning  mutagenesis,  site-directed 
mutagenesis  and  receptor  chimeras.  The  binding  pocket 
of  DA  receptors,  common  to  all  neurotransmitter  GPCRs, 
lies  within  the  transmembrane  helix  domain  (Fig.  2). 
There  is  evidence  that  GPCRs  can  form  homo-  and 
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lectropheresis  provides  evidence 
ill  lines  and  brain  samples3041, 
vivo,  and  these  aggregations 
Ficant.  Using  fluorescence 
;fer  assays,  it  can  be  shown  that 
s  receptor  and  the  D2  receptor 
form  heterodimers  that  modulate  receptor  signaling32. 
For  example,  signal  transduction  of  a  coupling-deficient 
mutant  somatostatin  receptor  can  be  restored  by  co¬ 
expression  of  the  gene  for  the  mutant  receptor  with  a 
D2  receptor,  suggesting  that  the  somatostatin  receptor 
can  signal  through  the  D2  receptor.  Functional  inter¬ 
actions  between  DA  receptors  and  ligand-gated  chan¬ 
nels  have  also  been  reported.  The  C- terminal  domain 
of  the  D5  receptor  can  interact  with  the  second  intra¬ 
cellular  loop  of  the  GABAA-receptor  y2  subunit,  so  that 
each  receptor  inhibits  the  function  of  the  other33. 


Molecular  genetic  approaches  to  understanding 
DA-receptor  function 


DA-receptor  agonists  and  antagonists  might  not 
reliably  distinguish  the  various  cloned  DA  receptors. 
As  a  result,  several  laboratories  have  turned  to  genetic 
manipulations  to  investigate  the  role  of  specific  DA 
receptors.  Mice  with  genetically  induced  lesions  that 
target  the  Dl,  D2,  D3  and  D4  receptors  have  been 


characterized.  Antisense  sequences  for  the  receptor, 
using  an  oligonucleotide  or  expression  vector,  can  also 
assess  decreased  function  of  a  genetically  identified 
receptor.  Transgenic  receptor  overexpression  mouse 
models  can  be  used  to  assess  the  effects  of  gain  of 
function.  In  this  approach,  additional  copies  of  the  gene 
of  interest  are  introduced  Into  the  pronucleus  of  a  fer¬ 
tilized  egg,  and  the  effects  of  the  expression  of  the 
transgene  are  studied.  To  date,  an  overexpression 
transgenic  model  has  only  been  developed  for  the  gene 
for  the  Dl  receptor34.  There  are  several  caveats  that  must 
be  considered  when  evaluating  genetic  approach^ 
the  study  of  DA-receptor  function.  In  gene  1 
transgenic  approaches,  animals  develop  with] 
etic  abnormality.  Accordingly,  the  phene 
be  influenced  by  developmental  adaptation 
perturbation  as  well  as  the  background  strain  j 
the  genetic  alteration  is  studied.  These  have  1 
proposed  to  influence  the  phenotype  of  I 
deficient  mice33.  The  approac^^l^^iatroduce  i 
genetic  lesion  can  also  1< 
type.  In  some  models,  tl 
nated,  whereas  in  othe] 
produced  that  does  n 
retain  other  nonrecepti 

necessary  to  study  multiple, 
l  lines.  In  addition,  the  location 
of  the  receptor  gene  is  deter- 
ffomoter  sequence  used  for  target- 
r  transgene  incorporation.  The  lack 
of  proiB8S8?ffRat  predictably  target  DA  receptors  to  the 
desired  regions  has  limited  this  approach.  Hybrid  arrest 
approaches  attempt  to  ablate  the  receptor  through  the 
introduction  of  antisense  oligonucleotides  or  vectors. 
This  approach  allows  the  animal  to  develop  normally, 
but  the  reduction  in  receptor  level  is  incomplete. 
Furthermore,  this  approach  is  restricted  by  physical 
limitations  in  delivery  of  antisense  into  target  cells. 
Although  these  limitations  need  to  be  borne  in  mind, 
genetic  approaches  have  provided  important  insights 
into  the  role  of  DA  receptors. 

Lesions  in  the  gene  for  the  Dl  receptor  have  been 
reported  to  induce  deficits  in  movement  initiation  and 
reaction  to  external  stimuli  in  one  model36,37,  but  not 


in  another38.  Mice  with  a  genetically  lesioned  Dl 
receptor  have  altered  sensitization  to  amphetamine 
and  do  not  show  the  progressive  increase  in  motor 
responses  seen  in  control  animals39.  These  results  sug¬ 
gest  that  Dl  is  the  predominant  receptor  involved  in 
sensitization  to  amphetamine.  Deficits  in  spatial  learn¬ 
ing  and  reduced  locomotor  responses  to  repeat  cocaine 
injections  have  also  been  reported  in  this  model40,4’. 

Accompanying  these  behavioral  changes,  D  1-receptor 
null  mice  exhibit  a  reduction  in  substance  P  and 


enkephalin  synthesis,  increased  immunostaining  for  the 
GluRl  glutamate-receptor  subunit,  and  decreased 
staining  for  the  NR1  subunit  of  the  NMDA  receptor42. 
Induction  of  expression  of  Fos  and  Jurtb,  and  regulation 
of  dynorphin  by  cocaine  and  amphetamine  are  absent. 
Interestingly,  neurophysiological  responses  and  cel¬ 
lular  morphology  in  the  neostriatum  are  normal  in 
this  mouse.  However,  dopamine  does  not  potentiate 
NMDA-receptor-mediated  electrophysiological  responses 
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in  neostriatal  slices  in  D1 -receptor-deficient  mice13.  In 
addition,  dopamine-mediated  inhibition  of  glutamate- 
induced  firing  is  lost  in  nucleus  accumbens  neurons. 
The  effects  of  D2-receptor  agonists  on  glutamate- 
induced  activation  in  the  nucleus  accumbens  are  also 
absent,  even  though  D2  receptors  are  functional  In 
the  Dl-receptor-defident  mice,  as  evidenced  by  the 
preserved  induction  of  cataplexy  and  expression  of 
striatal  Fos  and  Jim  by  D2-receptor  antagonists. 

The  effects  of  overexpressing  the  gene  for  the  D1 
receptor  have  been  investigated  in  two  lines  of  trans¬ 
genic  mice34.  Increased  D1 -receptor  binding  was  most 
marked  in  cortical  areas.  A  full  D1 -receptor  agonist 
caused  a  striking  suppression  of  locomotion.  In  contrast 
to  the  dose-dependent  increase  in  locomotor  activity 
seen  in  wild-type  mice.  D1 -receptor  agonist-induced 
rearing  and  climbing  behaviors  were  suppressed,  but 
the  transgenic  animals  performed  as  well  as  control 
mice  on  rotarod  testing,  indicating  that  sensorimotor 
coordination  was  unaffected.  These  results  show  that 
altering  the  levels  of  D1  receptor  can  reverse  the  effects 
of  Dl-receptor  agonism  on  locomotor  initiation  and 
rearing.  This  raises  the  possibility  that  D1  receptors  in 
different  locations  might  contribute  to  both  suppression 
and  stimulation  of  movement  initiation. 

Two  lines  of  mice  with  genetically  lesioned  D2 
receptors  have  been  developed35  43 .  Impaired  locomotor 
function  has  been  observed  in  each,  although  there  was 
some  disparity  in  the  degree  of  deficit.  D2-receptor- 
lesioned  mice  also  showed  an  abnormal  pattern  of  long¬ 
term  depression,  with  synaptic  depression  being  replaced 
by  potentiation13.  These  findings 
D2-receptor  activation  in  the 
PD.  Antisense  approaches  havi 
D2-receptor  function  in  vivol' 
striata  of  mice  of  an  emessl* 
the  antisense  D2-receptog 
and  inhibition  of  stereoty 
agonist44.  Depletion  of 
rat  striatum  with  antisense 
stereotypic  sniffing  in  respon: 
morphine.  Vacuous  chewing, 
dose  apomorphine,  was  unaffei 
involvement  of  other  receptors  or 
tors  in  this  response.  Unilateral  de 
D2  receptors,  using  antisense  oligonui 
into  rat  substantia  nigra,  induced  contralateral  rotation 
in  response  to  cocaine.  These  results  suggest  that 
presynaptic  D2  receptors  contribute  to  the  locomotor 
responses  observed  with  cocaine. 

Mice  that  lack  D3  receptors  show  increased  loco¬ 
motor  activity  and  rearing  behavior45*46.  A  similar 
increase  in  spontaneous  locomotor  activity  was 
observed  in  rats  depleted  of  D3  receptors  by  injection 
of  antisense  oligonucleotides47.  Performance  of  the 
D3-receptor  null  mice  in  open-field  and  elevated-plus 
maze  are  characteristic  of  a  reduced  level  of  anxiety. 
The  D3  receptor  might  also  modify  the  response  to 
activation  of  other  DA  receptors.  These  mice  also  show 
an  increased  sensitivity  to  cocaine  in  stimulated  loco¬ 
motor  activity  and  to  amphetamine  in  the  conditioned- 
cue  preference  test46.  Locomotor  stimulation  induced 
by  co-administration  of  Dl-  and  D2-receptor  agonists 
is  augmented  in  D3-receptor  null  mice,  but  there  are 
no  differences  in  elect rophysiological  responses.  Genetic 
lesioning  of  both  D2  and  D3  receptors  leads  to  a  more 
severe  motor  phenotype  than  does  D2-receptor  lesion 


Rg.  Z  Dopamine  in  the  bindhg-sJte  aevke  of  the  dopamine  02  receptor 
viewed  from  the  extracellular  side .  Dopamine  (green)  is  shown  bind¬ 
ing  between  helices  3, 5  and  6.  Sites  of  interaction  are  shewn  in  yellow. 
Adapted  from  Ref.  28 ,  courtesy  ofJ.A.  Ballesteros  and  f.  A.  favitch. 


alone47.  D3-receptor  null  mice  have  comparabl 
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4  receptor  might 
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e  have  increased  DA  synthesis.  A  D5- 
mouse  line  has  been  developed  but  not 
erized3.  Injection  of  a  D5-receptor  anti- 
fcleotide  potentiates  the  rotatory  response 
to  SKF38393  in  rats  with  unilateral  lesions  induced  by 
6-hydro xydopamine.  This  contrasts  with  Dl-receptor 
antisense  oligonucleotides,  which  prevent  this  response. 
These  results  suggest  that  D5- receptor  activation  inhibits 
locomotor  behavior. 

Other  components  of  the  dopaminergic  system 
have  also  been  targeted  for  genetic  study.  Inactivating 
the  gene  for  tyrosine  hydroxylase  produces  dopamine- 
depleted  mice  that  are  profoundly  hypoactive.  Mice 
deficient  in  the  gene  for  the  DA  transporter  show 
marked  hyperactivity  and  insensitivity  to  the  locomotor 
effects  of  both  amphetamine  and  cocaine.  Interestingly, 
these  mice  still  self-administer  cocaine  and  the  rewarding 
effects  of  morphine  are  augmented. 

The  genetic  approaches  to  the  study  of  the  function 
of  the  dopaminergic  system  reveal  a  complex  role  for 
the  various  DA  receptors  in  the  modulation  of  loco¬ 
motion.  All  subtypes  studied  by  gene  lesion  or  over- 
expression  influence  locomotor  activity,  either  directly 
or  via  their  modulation  of  other  DA- receptor  systems. 
In  evaluating  these  models,  it  has  become  clear  that 
current  drugs  might  not  differentiate  between  the 
various  molecular  DA- receptor  subtypes  in  vivo .  A 
recent  study  underscores  this  problem.  Agonists  and 
antagonists  that  were  believed  to  be  D3-receptor  selec¬ 
tive  were  found  to  have  identical  effects  in  wild-type 
and  D3-receptor  null  mice51.  More-specific  receptor 
agonists  are  required. 
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Rg.  3.  Emergenijat^g^p^uff-organlzing  network  systems.  The 
physiological  res^i^^^mter9es  at  eoch  higher  order  of  the  system 
results  from  overalt^^^Kmchty  and  might  not  be  fully  expbined  by 
the  activity  of  any  spk^JMMbool  components. 


Possible  role  of  dd^jrmne  receptors  in  dyskinesia 
and  neuroprotection  in  PD 


Dyskinesias  complicate  L-dopa  treatment  in  the 
majority  of  individuals  with  PD.  Recent  studies  suggest 
that  dyskinesias  result  from  abnormal  pulsatile  stimu¬ 
lation  of  DA  receptors,  which  leads  to  dysregulation  of 
downstream  genes  and  proteins,  and  a  consequent 
alteration  in  the  firing  pattern  of  basal-ganglia  output 
neurons52.  However,  the  precise  molecular  mechanism 
by  which  pulsatile  stimulation  of  striatal  dopamine 
receptors  is  translated  into  altered  firing  patterns  in 
pallidal  neurons  has  not  yet  been  established.  Some 
molecular  changes  associated  with  DA-receptor  stimu¬ 
lation  and  denervation,  as  well  as  with  the  development 
of  dyskinesia,  are  only  now  beginning  to  be  revealed. 
DA-receptor  stimulation  is  associated  with  upregulation 
of  the  expression  of  immediate-early  genes53.  These 
gene  changes  can  influence  many  aspects  of  neuronal 
function  including  regulation  of  neurotransmitters  and 
ion  channels,  and  thus  might  be  crucial  for  long-term 
adaptive  responses.  The  pattern  of  change  in  genes  and 
G  proteins  is  markedly  altered  by  dopaminergic-neuron 


denervation.  In  the  6-hydroxydopamine-lesIoned  rat, 
there  are  increased  levels  of  the  a  subunits  of  G# 
and  G,  in  the  striatum54'55.  Dopaminergic-neuron  de¬ 
nervation  is  also  associated  with  increased  levels  of 
preproenkephalin  (PPE)  mRNA,  and  decreased  levels 
of  preprotachykinin  in  D2-  and  D  1-receptor-bearing 
striatal  neurons,  respectively5647.  These  changes  tend  to 
be  reversed  with  therapy  that  involves  DA-like  agents. 
However,  increased  PPE  synthesis  is  not  reversed  by 
L-dopa  or  short-acting  DA-receptor  agonists  that  are 
associated  with  dyskinesia,  but  is  reversed  by  long-acting 
DA-receptor  agonists  that  do  not  induce  dyskinf 
Indeed,  several  studies  have  demonstrated  th 
tent  upregulation  of  PPE  synthesis  correlates 
development  of  dyskinesia  in  MPTP  monkey  nj 
These  findings  illustrate  the  potential  of 
stimulation  of  striatal  DA  receptors  with  she 
dopamine-like  agents  to  induce  changesl 
expression  that  might  contribute  to  the  indifl 
altered  neuronal  circuits  and  alu^fltttebaviors  s 
as  dyskinesia. 

DA-receptor  activation^^H^fls^^^Mg^agalns 
neurodegeneration  in  P^HBi  L-dopa  an,  *  oxi¬ 
dized  to  yield  reactive  species  am  j  |  toxic 

to  cultured  DA  neuronBHowever,  L-doJ  »  not 

newJmMonnal 

isy  stelBSMOTK||MWoJridative 
is,  howeWtpfflPro  interest  in  the 
agonists,  which  do  not  undergo 
for  providing  neuroprotective 
variety  of  antioxidant  mecha- 
ce  now  suggests  that  DA-receptor 
protect  dopaminergic  neurons 
througfffiSS^ptor-mediated  mechanism.  For  example, 
bromocriptine  protection  of  mesencephalic  neurons 
from  L-dopa  toxicity  is  blocked  by  the  D2-receptor 
antagonist  sulpiride  and  by  antisense  oligonucleotides 
directed  against  D2  receptors62. 

Other  work,  has  used  microarrays  to  begin  to  evalu¬ 
ate  the  genes  that  are  regulated  by  stimulation  of  the 
DA  receptor63.  Stimulation  of  DA  receptors  with  the 
DA-receptor  agonist  pramipexole  induces  increased 
expression  of  multiple  genes  involved  in  synaptic 
plasticity  and  neuroprotection.  It  is  likely  that  many 
more  genes  are  affected  by  stimulation  of  DA  receptors, 
and  that  different  patterns  of  gene  expression  will  result 
from  pulsatile  versus  continuous  stimulation  of  the  recep¬ 
tor  and  with  the  use  of  different  DA-like  agents.  This 
pattern  might  influence  the  likelihood  that  dyskinetic 
behavior  will  develop  or  that  a  nerve  cell  will  degenerate. 


A  complexity  perspective 

Many  elements  determine  the  physiological  effects 
following  activation  of  DA  receptors  in  the  normal  and 
parkinsonian  states.  Important  determinants  include 
the  molecular  identity  of  the  receptor  stimulated  and 
the  specific  signal-transduction  pathways  that  are  acti¬ 
vated.  A  variety  of  G- protein,  ion-channel  and  second- 
messenger  systems  are  modulated  following  receptor 
stimulation2.  The  specific  intracellular  signaling  pattern 
that  results  is  dependent  on  the  initial  state  of  the  cell, 
interaction  between  receptor  hetero-multimers  and  sig¬ 
naling  intermediaries,  and  the  precise  pattern  of  receptor 
stimulation.  Receptor  stimulation  can  induce  both 
immediate  and  long-term  changes  in  cell  physiology, 
and  these  in  turn  can  be  translated  into  alterations  in 
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neuronal  survival,  neuronal  circuit  activity  and  behavior. 
Understanding  the  relationship  between  the  pattern 
of  receptor  stimulation,  the  myriad  of  signaling  com¬ 
ponents  and  the  physiological  effects  that  ensue  is  dif¬ 
ficult.  It  is  becoming  increasingly  appreciated  that  this 
system  forms  a  complex  network  that  is  characterized, 
both  at  the  molecular  and  neuronal  level,  by  patterns 
that  represent  more  than  the  sum  of  the  individual 
components  (Fig.  3).  Simple  signaling  networks  in 
invertebrates  have  demonstrated  that  multiple  trans¬ 
mitters  can  induce  physiological  responses,  which  are 
cannot  be  obtained  by  each  transmitter  acting  alone64. 
Computer  simulation  of  intracellular  signaling  networks 


suggests  that  discrete  network  states  can  exist  that  are 
only  loosely  tied  to  any  particular  signaling  com¬ 
ponent65.  Neuroscience  is  succeeding  in  elucidating  the 
molecular  targets  of  DA  and  DA-receptor  agonists,  and 
in  mapping  each  receptor  to  specific  cellular  and 
behavioral  responses.  The  development  of  genome-wide 
profiling  techniques  holds  the  promise  of  even  better 
sampling  of  the  consequences  of  receptor  stimulation. 
The  challenge  is  to  define  the  complex  relationships 
between  receptor  activation,  cell  signaling,  circuit  activ¬ 
ity  and  physiological  effects  in  quantitative  terms. 

For  further  discussion  on  this  topic  see  Box  1. 
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IrSlL  'D#ot  Nnurol.  :D#pt  P*ycri,  M#d  Umv  SC.  CriariMton  SC  2B42S; 
Natl  Cfcr  Toxicol  Ra*.  Jaffaraon  AR  72079 
e««konmantal  toxma  vx>  ganatic  tiatocti  hava  baan  impltcatod  in  N 
of  Park***'*  dkMM  (POL  Tha  toxin  1  -m«ihyM-pfton>4* 
^TT^^yrfrnovTi^  (MPTP)  undargoaa  r»  vW-o  oxidation  by  monoamtoa 
(MAO-B)  to  1wriatoyH*-phany1pyetototoi^  (MPP^)  which  tton 
°?Z^tntoxlc  tflacta  on  doparwnargic  naurona  of  to#  substantia  nigra  In 
**T"  y^nn  tfto  control  norvouo  systom  (CNS).  aptoai  totamauronai 
mm  rfso  l*a*y  to  ploy  a  sigNIcant  roio  in  too  pathophystotogy  of  PO. 
?!ITfr2n  ofloct  of  MPP*  « inodtotod  by  novorstoto  inhtotoon  of  miloehondrW 
^L|*x  i.  reloosing  froo  radical.  MPP*  moy  also  activata  N-matoyLO- 
ZnM&m  (NMOA)  rocaptoro.  reraasmg  cytoooOc  concentration  of  froo  Caf* . 
^investigate  the  proboWo  invotvomont  of  the  Ce^-depertoent  cyoMno 
.urjtnaas rf»p— "  m  ooinai  cord  dooenerotion,  ara  omptoyod  the  moos#  modal 
l/^TP-induced  PO.  Male  C57QU6N  rmco  (17  months  old)  were  subjected 
to  mptp  treatments  (12.5mg/kg  **  0.5b;  2Smgftg  for  0  25ri;  SOmg/Vg  for 
0^5  0.5. 1. 2.  axi  24h).  RT-PCR  and  Western  plot  analysis  were  performed 
^  tooraoc  segment  of  spnal  cord  form  normal  and  MPTP-indooed  PO 
scbeduies  of  MPTP  treatment  caused  catoan  overexpresaion  at  toe 
mWstA  ^  protein  levels  to  vanous  extent,  compared  to  normal  mice. 
Cajpain  activity  was  measured  mdrectiy  by  MkD  neurofitament  protein  (NFP) 
(Siqrxteten,  wtiicn  was  ncraased  rt  MPTP-sxJuced  PO  mice.  These  results 
suggest  that  calpain  may  play  a  note  n  spinel  cord  degeneration  to  PO. 
Supported  by  NIH-NINOS,  NMSS.  and  AHA  Foundation  grants. 


PATTERN  OF  GENE  INDUCTION  BY  DOPAMINE 
AGONISTS  IN  RAT  MIDBRAIN  CULTURES  STUDIED  BY 
MICROARRAY  ANALYSIS.  I.A.  Soussis.  C.  MvtiluiCOU* 

C  W  Olanow  and  S  C.  Scalfon.  Dcpoi^nt  of  Net^logy. 

Mount  Sinai  School  of  Medicine.  New  York,  NY  10029 
Several  dopamine  (DA)  agonists  are  approved  for  clinical  use  in 
the  treatment  of  Parkinson  s  disease.  Stimulation  of  DA  receptors 
by  dopamine  agonist  improves  motor  features  associated  with  this 
disease.  In  addition,  several  studies  have  suggested  that  dopamine 
agonists,  including  pramipexole  (PPX),  may  have  neuro protective 
activity.  In  order  to  identify  the  gene  responses  that  may  mediate 
the  long  term  effects  of  these  agents,  we  are  studying  the  response 
to  PPX  of  >  4000  known  genes  by  microarray  screening  using  rat 
mesencephalic  cultures.  Cultures  were  treated  with  vehicle  or  1 
pM  PPX  for  6h  and  24h-  Total  RNA  was  extracted  from  control 
and  treated  cells,  reverse  transcribed,  labeled  and  used  as  a  probe  to 
screen  microarray  membranes  containing  DNA  validated  sequences 
of  known  human  genes.  We  selected  24  genes  that  were  regulated 
by  >3  fold  at  6  and  24  h  for  further  analysis.  Genes  that  are 
induced  by  PPX  include  V-myc.  fas  binding  protein  dax  and 
glutathione  peroxidase.  The  time  course  and  response  to  other 
agonists,  and  to  other  neuroprotective  and  neurotoxic  agents  are 
being  investigaied.  These  studies  will  help  elucidate  the 
mechanisms  underlying  the  long  term  symptomatic  and  putative 
neuroprotective  effects  of  dopamine  agonists. 
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EXTENSIVE  dopaminergic  cell  death  in  the  rat  substantia 
NIGRA  FOLLOWING  INTRASTRIATAL  INFUSION  OF  6-OHDA:  A  MODEL 
OF  PARKINSON1  S  DISEASE  FOR  NELROPROTECTION.  YaalUttBCT  QlffI*. 


R^nlciewtcz.  Molecular  Therapeutics  Section,  (_MNN.  NINDS.  NIH,  Bethesd*.  MD 
20892. 

Infusion  of  dopaminergic  iDA>  toxines  into  the  striatum  produces  a  delayed  aad 
progressive  degeneration  of  dopamine  neurons  in  the  ipsilateral  substantia  rugra 
(SNc).  The  time  ipan  between  lesionmg  and  actual  neuronal  death  provides  a 
therapeutic  window  for  resting  neuroprotective  strategies.  The  aim  of  this  study  was 
to  characterize  the  time  course  and  extend  of  ceil  Jeath  in  the  SNc  following  an 
intrastriatal  infusion  of  o-OHDa  ,n  order  to  design  an  optimal  model  for  the  study 
of  neuroprotection  in  Parkinson  *  disease  Sprague-Dawley  rats  (n*45)  received  a 
stereotaxic  unilateral  infusion  if  b-OHDA  0.  5.  10.  20qg  in  2(V  PBS)  using 
convection-enhanced  delivery  (CED‘  to  allow  extended  distribution  within  the 
stratum.  Morphological  changes  were  quantified  by  tyrosine  hydroxylase 
immunohistochemistry  TH-IRi  and  apnptetic  naming  Extensive  DA  lesion  of  the 
striatum  with  relative  sparing  of  ?he  n  accumben*  was  observed  within  first  week. 
Apoptosis  ;n  the  .ubstjmu  nigra  was  determined  bv  n  mu  end-labeling  of  free  3" 
ends  in  rragmemed  nuclear  DNA  and  TH-IR  w:l*i  Nt**l  countersuiotng.  One  week 
after  the  .ntusion.  TH  IR  SNc  neuron*  >howed  lpoctotic  changes  but  TH-IR  was 
preserved.  Two  to  tour  weeks  alter  the  lesion,  a  progressive  dose- dependent 
decrease  m  TH-IR  cells  was  found  n  the  SNc.  while  T7MR  cells  were  spared  in  the 
ventral  tegmental  area  tVTAi.  This  points  to  a  particular  susceptibility  of  nigral 
neurons  to  the  apoptotic  death  as  rluoroGeiJ  administration  using  the  same 
infusion  technique  0  Hr.  ZCul i  ’abelcd  over  kJA  of  TH  neurons  in  SNc  and  VTA. 
This  is  a  valuable  model  of  progressive  and  >e:ec:t\e  loss  of  Da  neurons  in  the 
SNc.  which  can  be  used  tor  neuroprotection  approaches  to  Parkinson's  disease. 
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EXTRACELLULAR  SIMiLE-TMT  RECORDING  FROM  THE 
STRIATUM  OF  FREELY-MOVING  UNILATERAL  6-OHDA  LESIONED 
RATS.  M  T  Chen.  BJ  Hoflcr.  M  Morales,  C.V  Borlongan.1  A  F. 

Hoffman.  P  H.  Janak  Cellular  Ncurobiology  3ranch.  National  Institute  on  Drug 
Abuse,  NIH,  Baltimore.  MD  21224  and  Depanment  of  Neurosurgery. 
Neurological  Institute.  Veteraos  General  Hospitai-Taipei,  Taiwan  and  Graduate 
Institute  of  Medical  Sciences.  National  Defense  Medical  Center,  Taipei,  Taiwan. 

Loss  of  dopaminergic  iD  At  input  to  ’he  stratum  :n  animals  and  in  man  produces 
a  number  of  motor  and  sensory  abnormalities  To  understand  how  DA  loss  affects 
striatal  physiology,  we  lesioned  the  medial  forebram  bundle  unilaterally  with  6- 
hydroxydopamme  to  remove  die  source  of  DA  'O  neurons  in  the  striatum.  Chronic 
recording  was  then  used  to  monitor  the  extracellular  electncal  activity  of 
ensemble*  of  individual  neurons  wuhin  the  stnarum  during  behavior  in  the  awake 
rat.  Two  weeks  after  b-OHDA  .esiontng.  anays  if  3  itamless  steel  Teflon-coated 
microwires  were  implanted  bilaterally  into  the  dorsal  stnamm.  One  week  after 
surgery,  neuroelectnc  signals  of  4  -16  units  were  simultaneously  amplified, 
filtered,  sorted,  and  recorded  in  ±e  awake  subject  hiring  daily  40-minute  sessions 
for  the  next  2  consecunve  weeks.  \n  increased  mean  neuronal  firing  rate  of  the 
lesioned  side,  as  compared  to  the  contralateral  aon-lesioned  side,  was  noted  After 
apomorphine  mjecuon  i  i.c..  0.05mgkg),  the  mean  firing  rate  of  neurons  of  the 
lesioned  side  decreased  and  -hat  of  the  contralateral  nonlesioned  side,  increased 
Changes '  in  firing  pattern  i  including  mean,  median,  mode  interspike  interval, 
variation  coefficient)  were  also  found.  In  conclusion,  neurons  of  the  DA- 
denervated  itnatum  of  the  awake  rat  show  a  higher  discharge  rite,  and  an 
increased  inhibitory  response  to  DAergic  receptor  agonists.  These  results  suggest 
that  altered  patterns  of  strata  l  acavity  after  loss  of  DA  modulation  may  underlie 
the  motor  and  sensory  abnormalities  seen  in  Parkunsoa’s  disease.  Supported  try  th* 
tnrramural  Research  Program.  SID.i.SJH  and  •‘GH- Taipei. 
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ALTERATIONS  IN  THE  ABUNDANCE.  COMPOSITION  AND 
PHOSPHORYLATION  OF  STRIATAL  NMOA  RECEPTORS  IN  THE 
RAT  6-OHOA  MOOEL  OF  PARKINSON  S  DISEASE. 


SlandaerV.  'Department  of  Neurology.  Mass.  General  Hosp.  and  Harvard  Med. 
School.  Boston.  MA  021 14;  'Department  of  Pharmacology,  Georgetown  Untv. 
School  of  Med..  Washington,  DC  20007;  'Department  of  Neuroscience.  Johns 
Hopkins  Umv.  School  of  Med..  Baltimore.  MD  21205. 

NMDA  glutamate  receptors  have  a  potent  modulatory  effect  on 
dopaminergic  signaling,  and  are  potential  targets  for  new  therapeutics  in  human 
Parkinsons  disease.  We  used  quantitative  immunobtot  and 
immunopreciprtation  methods  to  examine  alterations  m  the  relative  abundance, 
subunit  composition  and  phosphorytation  of  NMOA  receptors  in  the  rat 
unilateral  e-hydroxydopamme  (6-OHDA)  model  of  Parkinson^  disease.  In 
stnataJ  memoranes.  the  abundance  of  NR1  and  NR2B  proteins  were  reduced 
on  the  lesioned  side  (39%  and  35%,  respectively)  while  the  abundance  of 
NR2A  was  unchanged.  Coimmunooreopitation  of  soluble  stnataJ  membrane 
proteins  under  native  conditions  showed  a  marked  reduction  in  NMOA  receptor 
complexes  comoosed  of  NRt  and  NP2B  subunits.  The  senne  phosphorylation 
of  NRt  at  ser890  and  ser896.  but  net  ser897.  and  the  tyrosine  phosphorylation 
at  NA2B  out  not  NP2A  were  decreased  m  the  esioned  stnatum.  Chronic 
treatment  with  L-DOPA  normalized  the  abundance  and  composition  of  the 
NMDA  receptors  found  in  strata!  memcrares,  but  also  produced 
nyperphosphoryiauen  of  NRt.  NR2A.  and  NR29  subunits.  These  data  suggest 
that  assemcly  and  nsedion  of  NMCA  receptors  into  stnataJ  membranes  are 
modulated  oy  dopamine,  and  that  altered  receptor  subunit  phosphorylation 
may  make  an  important  contribution  to  the  adverse  effects  observed  after  long¬ 
term  L-OOPA  treatment. 

Supported  by  VS31579  and  NS34361  (DCS);  NS2830  (BBW);  and  a 
Cotztas  Fellowship  from  the  Amencan  Parkinson  Disease  Assoc.  (DGS). 
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SPONTANEOUS  LONG-TERM  COMPENSATORY  DOPAMINERGIC 
SPROUTING  IN  MPTP.TREATED  MICE  S.  Dp%qo«  E  Be/ad.  T  Bwi 
B  Htoulac  "*!  r  F  Dims.  Bawl  j;«og.  'GNRS  LMR  554J.  L  mveniic  Bordeaux 
2.  33(T6  Bandeaux  Vrmx 

Several  receat  reports  would  seem  to  indicate  that  surviving  adult 
DA  neurones  m  animal  models  of  Parkinson  s  disease  can  undergo 
plistic  trophic  support-induced  modifications  similar  to  those  already 
observed  in  glutamatergic  and  serotonergic  stnatal  afferents.  The 
spontaneous  compensatory  sprouting  of  DA  fibers  after  partial  nigral 
degeneration  has  already  been  elicited  in  the  rat  (Dravid  er  ai,  1984  ; 
Onn  et  ai,  1986 ,  Blanchard  ef  ai,  1996)  and  in  the  mouse  (Ho  and 
Blum.  1998  but  the  consequences  of  severe  degeneration  have  not  yet 
been  explored 

The  present  study  was  designed  to  investigate  whether  this 
phenomenon  can  sal!  he  observed  after  severe  MPTP  intoxication  in 
the  mouse  (  H]-DA  uptake  was  measured  by  stnatal  synaptosomal 
preparation  in  OFl  mice  at  0.5l  1,5.  and  7  months  after  intoxication. 

Although  the  number  of  TH  immunorcactive  neurones  remained 
stable  in  the  SNc  throughout  the  enure  protocol,  a  progressive  increase 
in  I’HJ-DA  uptake  was  observed  From  at  0.5  months  uptake 

increased  to  65°b  at  7  months  (p<0.05). 

These  results  provide  clear  evidence  that  spontaneous  long-term 
compensatory  dopaminergic  sprouting  can  occur  even  after  severe 
MPTP-ioduced  nigral  degeneration.  The  origin  of  the  new  DA  fibers 
remains  a  mystery.  The  sprouting  we  report  could  be  due  either  to 
regrowth  from  surviving  DA  nigral  neurones  or  to  the  proliferation  of 
intrinsic  striatal  DA  neurones  or  to  both. 

-Supported  by  CNRS  and  MESR  gtant- 
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